1.. Introduction {#S1}
================

Epidemiological studies indicate a strong positive association between heavy drinking (i.e., alcoholism) and depression \[[@R1],[@R2],[@R3]\]. Treating the depression that is associated with alcoholism could be a key in improving the cessation rate. However, current antidepressants (e.g., serotonin reuptake inhibitors: SSRIs) can take several weeks to become effective. A major reason for this delay might be the fact that the neurotrophic effects of antidepressants, which are considered critical in reversing the symptoms of depression, may require such a time frame to be manifested \[[@R4],[@R5],[@R6]\]. Moreover, most anti-depressants may not be as effective during alcohol use \[[@R2],[@R7]\]. Therefore, novel and quick acting antidepressants to specifically treat alcohol-related depression are urgently needed. Ketamine, an N-methyl D-aspartate (NMDA) antagonist, has been shown to demonstrate rapid and sustained antidepressant effects in both preclinical as well as clinical studies \[[@R8]--[@R11]\]. It has also been shown to cause increases in central neurotrophic markers including hippocampal brain-derived neurotrophic factor (BDNF) \[[@R9],[@R12],[@R13]\]. In addition, it enhances the function of postsynaptic AMPA (2-amino-3-(5-methyl-3-oxo-1,2 oxazol-4-yl) propionic acid) receptors \[[@R9],[@R14],[@R15],[@R16]\] and alters AMPA/NMDA receptor ratio \[[@R17]\], suggesting that AMPA receptors are important in ketamine's antidepressant actions. Interestingly, NBQX (2,3-dihydroxy-6nitro-7-sulfamoylbenzo(F)quinoxaline), an AMPA/kainate receptor antagonist can block ketamine's antidepressant effects \[[@R14],[@R15],[@R18]\]. In this study, our aims were to 1. determine whether ketamine may block alcohol withdrawal-induced depression, 2. whether the antidepressant effects of ketamine may be blocked by NBQX, and 3. whether hippocampal BDNF may play a role in alcohol withdrawal-induced depression and/or ketamine's effect. Our results indicate effectiveness of both ketamine and NBQX in blocking alcohol withdrawal-induced depression and suggest a role for hippocampal BDNF in their action.

2.. Materials and Methods {#S2}
=========================

2.1.. Animals {#S3}
-------------

Adult male Wistar rats (8--10-week-old) purchased from Envigo, previously Harlan (Indianapolis, IN, USA) were used throughout the study. Animals were housed in groups of four in standard polypropylene shoebox cages (42 × 20.5 × 20 cm) on hardwood chip bedding (alphadry) in a designated vivarium room. Access to food (Harlan Tek Lab) and water was ad libitum. The room was maintained at 24--26 °C at 51--66% relative humidity, on a 12 h reversed light/dark cycle (lights on at 1900 h). The reversal of light cycle was to allow convenient measurement of behavior in active (dark) phase. In order to acclimate the subjects to the housing conditions, animals arrived at least one week prior to initiation of any experiment. During this period, they were gentled once daily in order to minimize any stress effects that might result from routine handling. All behavioral tests were carried out in the early portion of dark phase between 09:00 AM and 12:00 PM using a red light as source of illumination. All experiments were carried out in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committee \[[@R19]\].

2.2.. Vapor ethanol (EtOH) exposure and drug treatment {#S4}
------------------------------------------------------

Inhalation chambers (La Jolla Alcohol Research Inc., La Jolla, CA, USA) were used to expose the animals to EtOH (4 hours daily for 7 days). Briefly, 95% EtOH was pumped at regulated rate from 5-gallon reservoir via a peristaltic pump to a 5000 ml Erlenmeyer vacuum flask that was kept on a warming tray (52oC). EtOH was then volatilized and mixed with pressurized air. The flow of this mixture was controlled by a pressure gauge as it was delivered to individual chambers. The parameters used in EtOH vapor exposure were: air pressure ≈5 psi, airflow rate ≈ 16--20 liter/min and EtOH flow rate = 60 ml/hr. The control group received only air via exactly similar system. The inhalation chamber has the advantage of avoiding the stress of daily injection, easily achieving and maintaining the targeted blood alcohol concentration (BAC) vs the drinking paradigm as the animals in each chamber exhibit very similar BAC and the variability in the EtOH concentration between similarly controlled chambers is minimal \[[@R20],[@R21],[@R22]\].

USP 200 proof ethyl alcohol was purchased from VWR Scientific Products (Bridgeport, New Jersey, USA) and was diluted down (95% v/v) with distilled water. Ketamine HCl was purchased from Henry Schein (Melville, NY, USA). Ketamine (KET) solution was prepared by diluting a ready-made preparation (10 mg in 1 ml) with saline to obtain concentration of 2.5 mg in 1 ml. NBQX was purchased from Alomone Labs (Jerusalem, Israel) and dissolved in saline to obtain a concentration of 5 mg in 1 ml. Drugs were injected intraperitoneally (i.p.) in a volume of 1 ml/kg immediately after removal from the vapor chamber. Control animals were injected with the same volume of physiological saline. To verify the "depressogenic" effect of alcohol, a separate control group was exposed to air in an exact set up followed by saline injection only. Thus, five groups of animals (8 rats/group) consisting of: Air-Saline, Alcohol-Saline, Ketamine-Alcohol, NBQX-Alcohol and (Ketamine+NBQX)-Alcohol were utilized. For combination studies, NBQX was given 15 min prior to ketamine and the control group received 2 saline injections in the same order. The dosing of drugs was chosen based on works of others as well as ours that have been reported in the literature \[[@R9],[@R23],[@R24]\]. This dose selection minimized the number of animals to be utilized as we had 4 treatment groups plus the appropriate control groups

2.3.. Blood alcohol determination {#S5}
---------------------------------

To determine the concentration of alcohol in the blood (BAC) at various time points, a separate group of Wistar rats were exposed to the chambers under identical conditions. Blood was sampled by tail bleed technique every three days immediately after the end of daily EtOH exposure \[[@R22]\]. Briefly, tail blood (0.4ml) was collected in tubes coated with 0.2M ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich Co., St. Louis, MO, USA) and centrifuged for 5 min at 1,500g at 4oC. The plasma was extracted, and BAC was assayed by injecting 5µL plasma into GM7 Micro-Stat Analyzer (Analox Instruments Ltd., Lunenburg, MA, USA)

2.4.. Behavioral evaluations {#S6}
----------------------------

### 2.5.1.. Open Field Locomotor Activity (OFLA) Monitoring {#S7}

On day 8, approximately 18 h after the last alcohol exposure and drug treatment, animals were tested in an open-field activity monitoring cage (27 × 27 × 20.3 cm, Med Associates, Inc., St. Albans, VT) for 5 min where ambulatory counts representing the number of infrared beam interruptions were recorded \[[@R22]\]. This behavior was assessed to determine if drug treatment affected general locomotor behavior, which might impinge on forced swim test immobility assessment \[[@R9], [@R22]\]. It is important to note that no drug was on board during the behavioral tests

### 2.5.2.. Forced Swim Test (FST) {#S8}

Immediately following the open field activity test each animal was evaluated for its behavior (immobility) in the forced swim test (FST) \[[@R9],[@R22],[@R25]\]. Briefly, each rat was placed in a Pyrex cylinder pool measuring 17 cm in diameter and 60 cm in height for 5 min. The cylinder was filled with 30 cm water (25±1 °C) to ensure that animals could not touch the bottom of the container with their hind paws or their tails. The FST activity was video recorded for subsequent analysis. The rat was removed after 5 min, dried, and placed in its home cage. A time sampling scoring technique was used whereby the predominant behavior in each 5-s period of the 300s test was recorded. Inactivity (immobility) and activity (swimming) were distinguished as mutually exclusive behavioral states. Swimming behavior was defined as movement (usually horizontal) throughout the cylinder. Immobility was defined when no additional activity was observed other than that required to keep the rat's head above the water \[[@R9],[@R22],[@R25]\].

### 2.5.3.. Tissue collection {#S9}

Animals were sacrificed by decapitation, approximately 2 h after the last behavioral test (i.e., FST). Brains were quickly removed, frozen on dry ice and stored at −80°C until dissection for BDNF measurement \[[@R9]\]. The hippocampus (bilateral) was dissected as previously described \[[@R27]\].

### 2.5.4.. Western blot {#S10}

This was performed as described in detail previously \[[@R9]\]. Briefly, homogenate of the dissected hippocampus (bilateral) were made in lysis buffer (10 mM Tris-buffer, 5 mM EDTA, 150 mM NaCl, 0.5% Triton X-100 (v/v) with protease inhibitors (Sigma-Aldrich, St. Louis, MO). The protein concentration in each sample was determined using a BCA protein Assay Kit (Pierce Biotechnology Inc., IL), and equal protein amount (as confirmed by β-actin) was loaded in each immunoblot. The proteins were separated using 12% SDS-PAGE gel and transferred onto a nitrocellulose membrane. The membranes were blocked with a blocking reagent (5% nonfat milk in TBS buffer) for ½ h and incubated at 4°C overnight with the primary antibody against BDNF (1:1000, Santa Cruz Biotechnology Inc., Santa Cruz, CA). The membranes were washed with TBST (TBS buffer with 1% Tween-20) and blocked with the blocking reagent. Membranes were then incubated for 1 h at room temperature in Goat AntiRabbit-HRP conjugated secondary antibody (1:3000 in TBS, Bio-Rad Laboratories, CA). The membranes were then washed in the TBST washing solution and then visualized using enhanced chemiluminescent kits (Bio-Rad Laboratories, CA). The intensity of the protein bands on the gel was quantified using ChemiDoc XRS system (Bio-Rad Laboratories, CA).

### 2.5.5.. Statistical Analysis {#S11}

Statistical differences between treatment groups were determined by one-way analysis of variance (ANOVA) followed by post-hoc Newman-Keuls Multiple comparison test to determine which groups differed. Significant difference was set a priori at p \< 0.05. Data were analyzed using Graphpad Prism 3 (Graphpad Software, Inc., San Diego, CA, USA).

3.. Results {#S12}
===========

3.1.. BAC and the effects of alcohol withdrawal on OFLA and FST {#S13}
---------------------------------------------------------------

Daily BAC fluctuated between 150--168 mg% (160.2±5.8 mg% mean ± SEM) for all time measurements. This BAC is equivalent to relatively high alcohol consumption in humans, which is twice the legal limit allowed in most states \[[@R22],[@R25],[@R26]\].

Withdrawal from alcohol caused an increase in immobility in FST ([Fig 1A](#F1){ref-type="fig"}). Thus, there was approximately 2.4fold increase \[control=18±3, Alc=44±6, F(4,35)=32.1, p\<0.01)\] in immobility in FST following withdrawal from 7 days of alcohol exposure in Wistar rats [Fig 1A](#F1){ref-type="fig"}, columns 1 and 2). Withdrawal from alcohol did not affect OFLA ([Fig 1B](#F1){ref-type="fig"}, columns 1 and 2).

3.2.. Effects of ketamine (KET), NBQX and their combination on alcohol-induced behavioral changes {#S14}
-------------------------------------------------------------------------------------------------

Both ketamine and NBQX treatment reversed alcoholinduced increases in immobility in Wistar rats. Thus, following daily administration of KET (2.5 mg/kg) and NBQX (5.0 mg/kg) the immobility scores were back to the original levels (KET=16±3, NBQX=19±4), [Fig 1B](#F1){ref-type="fig"} (columns 3 and 4). The combination of KET and NBQX, however, did not cause any significant reduction in immobility in the FST (42±7), suggesting cancellation of each other's effect ([Fig 1B](#F1){ref-type="fig"}, columns 3--5). Neither drug or their combination affected the OFLA ([Fig 1B](#F1){ref-type="fig"} columns 3--5), indicating that the observed effects in the FST were not due to motor impairment. In addition, no difference between single and double saline injection was noted.

3.3.. Effects of alcohol withdrawal on Hippocampal BDNF {#S15}
-------------------------------------------------------

[Figures 2](#F2){ref-type="fig"} depict the effects of withdrawal from 7 days EtOH exposure on hippocampal BDNF levels. As seen in columns 1 and 2, alcohol withdrawal resulted in a significant decrease (approximately 35%, F(4,35)=9.03 p\<0.05) in hippocampal BDNF.

3.4.. Effects of ketamine (KET), NBQX and their combination on alcohol-induced BDNF changes {#S16}
-------------------------------------------------------------------------------------------

[Figures 2](#F2){ref-type="fig"} shows that both ketamine (2.5 mg/kg) and NBQX (5 mg/kg) administered daily reversed alcoholinduced decreases in hippocampal BDNF as the levels were not different from the control (columns 3 and 4). The combination of the two drugs, however, did not affect the BDNF level (column 5). In addition, no difference between single and double saline injection was noted.

4.. Discussion {#S17}
==============

The results of the current study provide evidence of effectiveness of both ketamine and NBQX in preventing depressive-like behavior following alcohol withdrawal in male Wistar rats. Ketamine, an NMDA receptor antagonist has been shown to exert antidepressant effects in various models of depression as well as in a number of clinical trials \[[@R8]--[@R11]\]. Indeed, (S)-ketamine (esketamine) is in approval process by FDA as a fastacting antidepressant with particular application in treatment-resistant depression and suicidal ideation \[[@R28]\]. Thus, our results in agreement with those of others \[[@R29],[@R30],[@R31]\] suggest potential usefulness of this drug specifically in depression associated with alcoholism. Such intervention may also reduce the risk of alcohol relapse since depression that is associated with alcohol withdrawal may be an important contributor to alcohol relapse \[[@R32],[@R33]\].

An interesting, yet surprising finding in our studies was that NBQX, an AMAP/kainate glutamatergic receptor antagonist, was also effective in blocking alcohol withdrawal-induced depression in our model. This was unexpected because it was previously shown that NBQX is capable of blocking the antidepressant effects of ketamine in mice \[[@R14],[@R18]\]. Although neither Maeng et al (2008) nor Koike et al (2011) evaluated the effect of NBQX alone, no potential antidepressant effect of NBQX has been indicated in the literature \[[@R14],[@R18]\]. Thus, our study for the first time indicates potential antidepressant-like effects of NBQX, at least in alcohol withdrawal model. Yet, when NBQX and ketamine were combined, no antidepressant effect was observed. This, in line with previous findings, does suggest antagonism of ketamine's antidepressant effect by NBQX \[[@R14],[@R15],[@R18]\].

It is important to recognize that NBQX acts as an antagonist at both AMPA and kainate receptors \[[@R34],[@R35]\]. Whereas the role of AMPA receptors in depression are firmly established the role of kainate receptors in mood regulation are far from clear. Thus, a number of studies indicate up-regulation of AMPA receptors by ketamine \[[@R17]\] and antidepressant effects of various AMPA-kines (AMPA mimicking or AMPA-modulating compounds) as well as AMPA itself in various animal models of depression \[[@R9],[@R14],[@R15],[@R36]\]. These and few more recent studies suggest that stimulation of central AMPA receptors may lead to an antidepressant and other beneficial behavioral effect and that some of ketamine's effect may be indirectly mediated through these receptors \[[@R16],[@R37]\]. However, kainate receptors, although present in hippocampus and implicated in synaptic plasticity \[[@R38],[@R39]\], have not been implicated in mood regulation. Hence, it may be suggested that AMPA receptor antagonism of NBQX is likely responsible for the antagonism of the antidepressant effects of ketamine, whereas its antagonism of kainate receptor may be responsible for its own antidepressant effect in our model. In this regard, it would be of considerable clinical significance to see whether kainate only antagonists may have general or specific antidepressant effects. Moreover, in light of a recent study implicating the hippocampal ionotropic glutamate receptors in cognitive decline associated with depression \[[@R39]\], it would be prudent to also access the effects of the novel glutamate receptor modulators on cognitive functions associated with depression and/or AUD.

Our results on BDNF measurements suggest that the central mediator of the antidepressant effects of both ketamine and NBQX appears to involve the hippocampal BDNF. This contention is based on the finding that the levels of BDNF were reduced in the hippocampus following withdrawal from daily alcohol exposure and that both ketamine and NBQX reversed this decrease. Moreover, parallel to the observation of the antidepressant effects, when NBQX and ketamine were combined, the levels of BDNF in the hippocampus were not altered. This finding is in agreement with numerous studies implicating a role for hippocampal BDNF in depression and antidepressant effects of many drugs including ketamine \[[@R3],[@R9],[@R41],[@R42]\].

The observed effectiveness of ketamine and NBQX in countering alcohol withdrawal-induced depression in this study, together with recent findings of the effectiveness of both of these drugs in reducing alcohol intake \[[@R22],[@R23]\] may offer unique intervention opportunity in alcohol use disorder (AUD). Thus, it was demonstrated that ketamine may reduce alcohol intake in alcohol preferring rats \[[@R23]\] and that both NBQX and ketamine may reduce alcohol intake in a drinking-in-the dark paradigm \[[@R22]\]. It should be noted that ketamine effect was shown in both male and female rats, whereas NBQX was studied in male Wistar rats only. Thus, future studies of potential sex differences in response to the behavioral effects of both these drugs need to be addressed \[[@R43], [@R44]\]. In this regard it is of relevance to note that a recent study did not detect any sex difference in acute antidepressant effect of (R)-ketamine in an inflammation model \[[@R45]\]. However, ketamine per se, might not be most suitable in alcohol intake intervention, as it may pose abuse potential and other adverse effects of its own \[[@R46],[@R47]\]. Nonetheless, the current findings do emphasize the importance of the glutamatergic system in AUD and potential exploitation of the system, particularly its ionotropic receptors in this devastating disorder \[[@R48]--[@R50]\]. In this regard, it is of interest to note that some metabolites of ketamine, e.g. (*2R,6R*)-hydroxynorketamine, might be suitable candidate drugs as their side effects appear to be less than ketamine \[[@R51],[@R52]\].

In summary the findings of this study suggest usefulness of NMDA or kainate antagonists in depression associated with alcohol withdrawal and possible prevention of relapse to alcohol. Moreover, a role for hippocampal BDNF in the actions of these drugs is indicated.
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![Effects of withdrawal from chronic alcohol, administration of ketamine (KET), NBQX and their combination on immobility scores in the forced swim test ([Fig 1A](#F1){ref-type="fig"}) and on open field locomotor activity ([Fig 1B](#F1){ref-type="fig"}) in male Wistar rats. Animals were exposed to EtOH vapor daily for 4 h such that an average of BAC of 160 mg% was achieved daily. Controls were exposed to air only. Following EtOH exposure the animals were treated daily with ketamine (2.5 mg/kg), NBQX (5 mg/kg) or their combination and evaluated for their behavior approximately 18 h later. Values are mean ± SEM (n=8/group). \*\*p \<0.01 compared to control. ^††^p \<0.01 compared to alcohol group.](nihms-1020013-f0001){#F1}
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